Posterior fixation of intervertebral discs is used to treat, and occasionally diagnose, discogenic pain since it is thought that it will reduce the internal loading of the discs in vitro. We measured the internal loading of ten intervertebral discs using stress profilometry under simulated physiological loads and then after posterior fixation. Partial discectomies were performed to simulate advanced disc degeneration and the sequence repeated.
Chronic back pain which is not due to injury or disease of the paraspinal muscles or ligaments, facet joints or vertebrae and which does not involve nerve entrapment or irritation is defined as 'discogenic'. This implies that areas of the disc or surrounding structures have appropriate nociceptive innervation. Experiments have shown that mechanical stimulation of the peripheral annulus, vertebral endplate and posterior longitudinal ligament can elicit pain. 1 Provocative discography 2 suggests that annular distension and endplate deflection may be the source of pain.
Discogenic pain is usually associated with abnormal hydration and disruption of the disc which is termed degeneration. This has been shown to increase stress concentrations in the annulus which correspond to focal loading of the annulus and endplate and inward bulging of the annulus. 3, 4 This type of mechanical behaviour is seen when nuclear volume is lost due to minor damage 5, 6 or disc prolapse. 7 Indeed, the mechanical features of degeneration, namely annulus bulging and focal loading, have been shown to be associated with the discogenic pain reproduced by provocative discography. 8 Discogenic pain has been investigated 9,10 and treated 11 using both external and internal posterior fixation, since it is felt that the pain is caused by mechanical loading of degenerate discs, and that this loading can be greatly reduced by the use of a fixator. In spite of the widespread use of posterior fixation very little is known of the mechanical effect on the intervertebral disc. The gross mechanical effects of placing a fixator on to a cadaver motion segment [12] [13] [14] can be investigated by measuring the deformation under different applied loads, but such studies cannot, in isolation, give any information of the effects of fixation on the internal mechanical environment of the intervertebral disc. A crude quantification of the internal loading of the disc has been performed by measuring the pressure as its centre. 15 Knowledge of the distribution of stress at the periphery of the disc rather than at the centre, however, is of greater clinical relevance since this is the region which is both sensitive to pain 1 and the location of anomalous loading known to be associated with pain. 8 Finite-element analysis has been used to predict the effect of fixators on intervertebral discs. [16] [17] [18] These models are sensitive to the material properties chosen for the elements 19 , the geometry chosen 20 and the mechanical properties of the interface between vertebra and pin. Unfortunately, it is very difficult to measure the properties of the interface directly and consequently major approximations are often made. Such simplifications, such as the assumption of a perfect bond between pin and bone 16 , greatly degrade the usefulness of these models. Ideally, the stress within the disc should be measured directly. This can now be done using a miniature stress transducer 21 which makes continuous measurements of compressive stress across the disc. 22 These stress profilometry measurements have been used to assess the effects of injury on disc mechanics 5 and can be used to identify mechanical features which will predict disc prolapse. 7 Using such techniques we have attempted to test whether: 1) insertion of pedicle screws affects disc mechanics; 2) fixation reduces the mean stress acting on the nucleus; and 3) fixation reduces peak stresses acting on the annulus.
MATERIALS AND METHODS
We used eleven cadaver lumbar spines from patients with no disease associated with back pain or spinal damage (Table I) . None showed any gross abnormality on lateral and anteroposterior radiography. The spines were sealed in double plastic bags and frozen at -20°C.
They were allowed to thaw at room temperature and were then dissected into motion segments, consisting of three vertebrae and two intervertebral discs. The ligamentous structures spanning the segments were left intact. Throughout the dissection and subsequent loading, they were covered with a saline-moistened paper towel and protected by polythene film to minimise water loss.
After dissection, four 6 mm diameter pedicle screws were inserted into the lower two vertebrae of the segment in four of the specimens. Four steel screws and a hook were then inserted into the neural arches of the upper and lower vertebrae to help to secure each specimen when set in dental stone (Suprastone, Kerr UK Ltd, Peterborough, England) into two loading cups (Fig.1) . The remaining segments were set in the same manner but pedicle screws were not fitted until one series of measurements had been carried out. Fixation. We used a Synthes (Stratec Medical, Welwyn Garden City, England) 387.90 external fixator (Fig. 2) which was developed by Magerl 23 and has been used in the diagnosis of discogenic pain. 10 It is particularly suited for this since it allows fixation of the segment and can also control the amount of distraction and rotation applied to it. We considered that it was more appropriate to retain this degree of control over the fixator rather than to use an internal system, but we mounted the clamping plates as near to the vertebrae as possible. Screws were inserted into the pedicles using a hand-held chuck. The horizontal plates of the fixator were then attached to the screws so that they just touched the tips of the spinous processes and were positioned so that they were central and orthogonal to the axis of the spine with the vertical turnbuckles parallel to it. Although this arrangement is not representative of standard clinical practice, it is the most rigid configuration possible for the external fixator. The vertical turnbuckles were inserted into the horizontal plates and adjusted so that they caused no distraction or flexion of the segment. The clamping nuts and screws were then tightened fully. Mechanical testing. The segment was mounted on a servohydraulic materials testing machine (Dartec Ltd, Stourbridge, England) which allowed the application of both compressive and bending loads ( Fig. 1) . A load of 500 N was then applied for 30 minutes to remove any extraneous water which may have accumulated in the discs during freezing and thawing. 24 A transducer mounted on a 1.3 mm diameter needle 21 was used to measure the stress along the midsagittal diameter of the lower disc. 22 To ensure that both the vertical and horizontal components of the stress in the nucleus and the annulus were recorded the needle was pulled through initially with the transducer facing superiorly (vertical) and then externally (horizontal). Measurements were made under the simulated normal loading of the lumbar spine (Table II) ; 1000 N is within the range which would be exerted during light manual work 25 and a zero load corresponds approximately to a relaxed supine patient. In healthy young men 10° is the limit of flexion at the L2/L3 level with 12° at L3/L4. 23 The effect of flexion on a disc with zero load applied was not tested since it was not possible to flex the segments without applying a load using this loading system; similarly the spinal muscles cannot apply a pure rotational couple without an axial load in vivo. The effect of fixation on a partially depressurised disc as occurs after injury 5 was studied by repeating the measurements after performing a partial nucleotomy. A crossshaped incision was made into the right lateral side of the lower disc with a scalpel and approximately 0.7 g of nucleus was removed with pituitary rongeurs and weighed. Analysis of data. A specially written program was used to superimpose a pair of horizontal and vertical profiles. Cursors were placed at positions to mark the posterior and anterior aspects of the functional annulus and the functional nucleus. The computer then measured nine parameters of these profiles (Fig. 3) . We used the Wilcoxon matched-pairs signed-rank test for all the statistical analysis as the data were matched, but not normally distributed. Similarly, the 95% confidence interval for the median differences was estimated using the Wilcoxon statistic.
RESULTS
All values represent the estimated median and the error bars the 95% Wilcoxon confidence interval. All probabilities refer to the results of Wilcoxon signed-rank sign tests. Three factors must be taken into consideration when interpreting the results: 1) The statistical tests mainly show that the null hypothesis, namely that the fixator has no effect, cannot be rejected. The relevance of such null results is highly dependent on many factors such as the size of the sample and variability.
2) The effects of fixation on many parameters characterising disc mechanics have been investigated. This necessarily results in a large number of statistical tests, hence caution should be used when applying 'cut-off' probability levels.
3) The non-normal distribution of the data coupled with known interactions, for example between loading and flexion or between damage and flexion, hinder the use of more elegant multivariate statistical models.
We have therefore presented our findings so that important results are presented with their statistical significance (Wilcoxon probability) in the text and in graphs which also show the 95% confidence interval (CI) for the observed differences. Differences which were not found to be statistically significant are not described in any detail in the text. The full statistical analysis is presented in the tables, however, giving the estimated median difference, 95% CI and probability value to indicate the sensitivity of the investigation. Effect of posture. In the intact disc the change of loading from 1000 N to 1000 N in 10° flexion did not significantly change the width of the anterior annulus (p > 0.08), but after a partial discectomy the width increased significantly (p < 0.03) (Fig. 4) . Effect of pedicle screws. The insertion of pedicle screws without fixation produced no significant changes in any of the parameters measured. Table III gives the estimated median values for width of the annulus before insertion and the difference after, with the 95% CI for this. Similarly, Table IV gives the median values before the introduction of the screws and the difference after this for peak vertical stress in the annulus and mean vertical stress in the nucleus. The corresponding values for the horizontal components were similar. Effect of the fixator on the intact disc. The fixator had no effect on the width of either the anterior or posterior The effects of the width of the anterior annulus of changing the angle of flexion from 0° to 10° under 1000 N compressive load. There was a significant increase in the width of the anterior annulus on flexion only in the partially dicectomised disc (p < 0.03). (Table V) . It had no significant effect on the vertical component of nuclear stress, except under a compressive load of 1000 N with no distraction (p < 0.02) (Table VI) . There was no significant effect on the magnitude of the stress peaks in the posterior and anterior annulus, except under a compressive load of 1000 N with no distraction (p < 0.05 and p < 0.02, respectively) ( Table  VI) . Effect of the fixator on the damaged disc. After damage to the disc, the fixator had no significant effect on the width of the posterior annulus (Table VII) or on the width of the anterior annulus except under load and flexion (p < 0.03) ( Table VII ). Figure 5 shows that flexion causes an increase in the width of the anterior annulus and that fixation prevents this and stops flexion of the segment. After a partial discectomy the fixator failed to reduce the pressure in the nucleus (Table VIII) and had no significant effect on the size of the stress peaks in the annulus (Table  VIII) .
Loosening of the pedicle screws. Typically, the ends of the pins could be displaced by 5 mm under light finger pressure applied perpendicularly to the pin.
DISCUSSION
Techniques. The conditions of loading used were chosen to simulate the effect of the back muscles. Although these do not exactly replicate the conditions seen in vivo, the conclusions drawn about the effects of the fixator and of nucleotomy can be applied to the living body. Indeed, since the fixator plates are placed closer to the vertebrae than is possible in patients, the effects of fixation should be more pronounced. Similarly, the techniques of stress profilometry have been well documented and validated. 21, 22, 26 The Synthes fixator was chosen since it combines rigidity with control of positioning and distraction, but any rigid posterior external fixation device which relies on pedicular fixation will have a similar effect on the mechanics of the intervertebral disc. The Synthes fixator clamped the screws between 2.0 and 2.5 cm further from the vertebral bodies than some internal fixators. Any small increase in flexibility which may result is probably compensated for by the extra rigidity of the fixator itself, but these effects are much smaller than the observed movement between screw and bone. Does insertion of the pedicle screws affect disc mechanics? Pedicle screws are used widely in spinal surgery. Their insertion and use are thought to be safe, but there is concern about how long they stay firmly positioned in the vertebrae. 27 Their effect on stress profiles has not been investigated previously. We performed experiments on six discs to measure the effect of insertion of pedicle screws on stress profiles. In each case the specimen was radiographed to ensure that neither the vertebral endplate nor the disc had been penetrated. Analysis of these results suggests that correct insertion of the screws does not affect the stress profile of the disc, but the effect of inaccurate placement is not known. It is likely that damage to the vertebral endplate would decompress the nucleus and allow abnormal stress concentrations to develop in the annulus.
5
Does fixation reduce the stress acting on the nucleus and the annulus? In axial loading of 1000 N attachment of the fixator only unloads the disc when it is intact, and not after a partial discectomy. Loosening of the screw indicates that the interface between it and the vertebra is not sufficiently rigid to cause the load to be transmitted by the fixator rather than the disc. Fixation did not affect the magnitude of the loads acting on the simulated degenerate disc but the shapes of the profiles were altered. This effect has been noted in other investigations of the internal mechanics of discs. For example, stress distribution rather than magnitude is linked with predisposition to prolapse 7 and has been associated with discogenic pain. 8 After a partial discectomy the width of the anterior annulus is increased in flexion. In vivo this change is associated with pain on discography. 8 The effects of flexion on a loaded, nucleotomised disc under different forms of fixation. Flexion causes a significant increase in width of the anterior annulus in the unfixed and distracted cases (p < 0.03 and p < 0.02, respectively). There is no evidence for this increase in discs that have fixation without distraction. flexion, and indeed the width was reduced. It therefore seems that the fixator works by protecting the segment from excessive flexion which serves to inhibit the increased bulging of the annulus which is measured as a rise in anterior width. No significant changes were seen in anterior width when loading was moved from 1000 N with no fixator to 1000 N with 10° of flexion and the fixator attached. The fixator compensated for the effects of 10° of flexion.
The conclusion that fixation relieves discogenic pain by limiting flexion at the affected disc opens the way for further research into the use and design of fixators. In our study the whole segment was loaded either in 0° or 10° of flexion which represents the entire spectrum through which it can be loaded. Since the 10° of flexion was applied over two discs the level tested was probably in about 5° of flexion. More detailed work is required throughout a full range of angles of flexion at one disc to determine at what angle annular width starts to increase in painful discs. A fixator could then be designed to allow flexion to that threshold; it would probably be smaller, more comfortable for the patient and being less rigid it would allow more spinal flexibility. This is important because when two vertebrae are rigidly immobilised new stresses are imposed on the adjacent discs 28 which may accelerate their degeneration. A less rigid fixator would prevent excessive flexion and therefore pain, while at the same time, limiting the development of larger stresses at adjacent discs.
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